ABSTRACT Rod-shaped manganese dioxide (MnO 2 ) nanoparticles with three different crystallographic phases, namely α-, β-, and γ-MnO 2 , were hydrothermally prepared. The products were characterized by X-ray diffraction (XRD), fieldemission scanning electron microscopy (FE-SEM), Brunaure-Emmett-Teller (BET) method, and electrochemical measurements as cathode materials for secondary lithium-ion batteries. The crystalline phase of MnO 2 depended mainly on the Mn concentration of precursor solution and reaction temperature whereas it was not influenced by the pH value of precursor solution. All the samples were obtained as secondary particles composed of rod-shaped nanoparticles and the sizes of α-and γ-MnO 2 were smaller than that of β-MnO 2 . In electrochemical tests, the γ-MnO 2 had the highest initial capacity of 190 mA h g −1 among three different crystal phases and maintained better performance than the other crystallographic samples in the subsequent discharge/charge cycles. As a result, the electrochemical performance of MnO 2 depends on the crystal structure rather than the particle size.
Introduction
Rechargeable batteries with high specific power and energy density are strongly needed for both portable electric tools and larger devices including electric vehicles and stationary storage facilities for renewable energies. 1, 2 In order to develop such battery systems, the capacity and energy density of electrode materials have to be improved. To develop high capacity cathode materials is a key to increase the limited capacity of lithium ion batteries. Thus, many cathode materials have been investigated. Manganese oxides have been used as cathode materials for primary batteries, and also for lithium-ion batteries because of their low material cost, environmental friendliness, and easy preparation. 15 Among various manganese-based compounds for lithium-ion batteries, spinel-type LiMn 2 O 4 has been studied most extensively. However, this compound has several problems such as a relatively low specific capacity of 120140 mA h g ¹1 , insufficient stability at high temperatures above 50°C, and easy dissolution of manganese ions. 57 This is believed to be a result of a co-operative Jahn-Teller effect associated with the presence of Mn 3+ ions in an MnO 6 octahedron. So far, many nano-structural LiMn 2 O 4 have been synthesized to improve the capacity and cycleability. However, they are not still enough for practical use. On the other hand, Whittingham et al. has reported that the spinel phase of LiMn 2 O 4 is stabilized at low lithium contents. Thus, much attention has been also paid to other manganese-based compounds such as Li-less and Li-free manganese oxides.
Li-free manganese dioxide (MnO 2 ) have many different crystal structures due to the wide variety of corner and/or edge sharing arrangements of the unit building block, i.e., MnO 6 octahedron as shown in Table 1 and Fig. 1 . 8 Therefore, the thermal and electrochemical properties of MnO 2 may be varied by tailoring the structure. So far, many approaches have been performed to synthesize MnO 2 and it has been clarified that the preparation procedure has a great role on electrochemical properties of MnO 2 .
917 For example, Sasaki et al. reported that 3050 nm width rod of hollandite-type MnO 2 (A-MnO 2 ) showed the initial discharge capacity of 255 mA h g ¹1 . 6 A similar result has been reported by Kijima et al. for the rod shaped A-MnO 2 with 100 nm width (initial discharge capacity: 200 mA h g ¹1 ). 17 They also reported that the square-shaped B-MnO 2 with the particle size of ³250 nm showed ³275 mA h g ¹1 . Those results clearly demonstrate a promising potential of MnO 2 as a cathode material but they suffer from large irreversible capacity and low cycleability. In addition, the reason for such performance fading is not still clear. Therefore, further optimization is needed for the practical use of MnO 2 . . A hydrothermal method is easy to control the particle morphology including crystal structure by reaction parameters such as the pH of precursor solution, hydrothermal duration, and temperature.
1821 From the viewpoint of process cost, this synthetic method is also promising since it requires no template, catalyst and organic reagent to prepare nano-structured MnO 2 . In this study, the effect of hydrothermal parameters on the structural and electrochemical properties of resulting MnO 2 is particularly focused.
Experimental

Synthesis of MnO 2 particles
MnSO 4 ·5H 2 O (analytical grade, Kanto-Kagaku) and (NH 4 ) 2 S 2 O 8 (analytical grade, Kanto Chemical Co. Inc., Japan) were dissolved in distilled water, respectively, and then their solutions were mixed at 1:1 molar ratio. The concentration of mixed solution was controlled between 0.1 to 3.0 mol kg
¹1
. A small amount of concentrated NH 4 OH or H 2 SO 4 aqueous solution was added to the mixed solution to control its pH value. The resultant solution was heated in an autoclave with a Teflon liner for 3 h under stirring at 700 rpm. Detailed experimental conditions were summarized in Table 2 . After the hydrothermal treatment, the product was separated, washed several times with distilled water and then freeze-dried for overnight.
Characterizations
The crystal structures of samples were characterized by X-ray diffraction (XRD, Rigaku, RINT 2200) using a Cu KA radiation source (K = 1.5418 ¡) at 40 kV and 40 mA. The 2ª scan was carried out in a range of 1070°with a step size of 0.02°. A field-emission scanning electron microscope (FE-SEM, JEOL, JSM-7500F) was used to observe the particle size and morphology of samples. The specific surface areas of samples were measured by nitrogen adsorption according to the Brunaure-Emmett-Teller (BET) method, in which the samples were dried under vacuum at 120°C for 2 h before the measurment. 22 Electrochemical properties of samples were investigated by using coin-type cells (CR2032) at 30°C. The electrode slurry for working electrode was prepared by mixing the synthesized MnO 2 , acetylene black and polyvinylidene difluoride in a weight ratio of 8:1:1, respectively. 1-methyl-2-pyrrolidinone (NMP) was used as a solvent for the slurry preparation. The electrode slurry was coated on an aluminum-foil as a current collector, and then dried at 85°C in a vacuum for overnight to remove NMP. A lithium foil was used as a counter electrode and 1 mol dm ¹3 LiPF 6 in a 3:7 mixing solvent (in volume) of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) was used as an electrolyte solution. Electrochemical discharge/charge test was performed in a potential range of 2.04.0 V vs. Li/Li + . Since the synthesized MnO 2 was Li + -free, the electrode was firstly discharged at 10 mA g ¹1 until the cell voltage reached 2.0 V. On the contrary, 10 mA g ¹1 was applied for the charge process until the cell voltage reached 4.0 V, and then the potential was hold at 4.0 V until the charge current dropped to 3 mA g ¹1 . Electrochemical impedance spectroscopy (EIS) was also performed at open circuit potential over a frequency range of 10 kHz to 0.01 Hz with an amplitude of 5 mV for further electrochemical analysis of each coin cell. Figure 2 shows the XRD patterns of the MnO 2 powders prepared in different conditions. Although the main phase differed according to the hydrothermal temperature and concentration of Mn source in the precursor solution, all the peaks were assignable to the polymorphs of MnO 2 and no impurity phase was observed. Three different types of MnO 2 polymorphs, namely A-, B-, and C-MnO 2 , were formed. Table 2 summarizes the crystal structure, specific surface area, and so on of the prepared MnO 2 in each condition. The main phase was A-MnO 2 at both 120 and 170°C when Mn concentration was high. At low Mn concentrations, C-MnO 2 and B-MnO 2 were formed at 120 and 170°C, respectively. The pH of precursor solution was almost irrelevant to the crystal structure in our preparation conditions and became ³0 after the hydrothermal reaction regardless of its initial value. Figure 3 shows FE-SEM images of selected samples with three different phases. The morphology of particles was similar between the samples with same crystal phase. In all the samples, the primarily particles were nano-rods with an average diameter of 100 nm and formed larger secondary particles. The significant aggregation was observed in A-and C-MnO 2 samples, whereas the primary particles were observed for B-MnO 2 samples. This difference is probably due to the reaction temperature. In our preparation conditions, B-MnO 2 samples were obtained not at 120°C but at 170°C. This high temperature is responsible for the large particle size of B-MnO 2 samples since higher reaction temperature generally provides lager particles due to the crystal growth. As a result, the specific BET surface areas of prepared samples were in an order of A-MnO 2 > C-MnO 2 > B-MnO 2 ( Table 2) .
Electrochemical properties of the prepared MnO 2
As seen from Table 2 , the capacity of MnO 2 significantly depends on the preparation condition. It was clearly found that the samples prepared using H 2 SO 4 or NH 4 OH showed much lower capacities than those prepared without pH control agent. For detail investigation on the effect of crystal structures on electrochemical capacity, further electrochemical measurements were performed on each sample with the largest capacity in A-, B-, and C-MnO 2 . Figure 4 shows the discharge/charge profiles of selected MnO 2 samples. The initial discharge capacities of A-, B-, and C-MnO 2 were ca. 150, 160, and 190 mA h g ¹1 , respectively. The discharge and charge curves of A-MnO 2 were similar to those of C-MnO 2 . On the contrary, B-MnO 2 had different curves with high over-potentials in the discharge and charge processes. The smaller particle is more advantageous for electrochemical reactions since the diffusion length of Li + to reaction sites is shorter. 23 Therefore, A-MnO 2 sample, which has the largest specific surface area, is expected to have the highest discharge capacity. However, C-MnO 2 showed the largest discharge capacity among the three samples with different crystal phases. This result suggests that the electrochemical performance of MnO 2 depends on the crystal structure rather than the particle size. After the 1st discharge process, all the samples were successfully charged even though B-MnO 2 had high over-potential. However, the charge capacity of B-MnO 2 was only 60% of the discharge capacity in an initial cycle. This indicates that a part of Li + in MnO 2 matrix cannot be extracted during the charging process. On the contrary, A-and C-MnO 2 showed same or a little larger capacities than those obtained in the discharge process. This small deviation means that some of undesirable reactions took place during the charging process in addition to Li + extraction from MnO 2 . After the 1st cycle, the capacity was faded more or less in all the samples. It is well known that the lattice of MnO 2 is disordered by insertion of Li + . This behavior occurs particularly in the 1st discharge process. Therefore, the capacity fading observed in the 2nd cycle, is probably due to an incomplete insertion of Li + by the lattice disorder of MnO 2 . Figure 5 shows EIS results of A-, B-, and C-MnO 2 samples. The spectra at as-prepared, discharged and charged states were collected for each sample, respectively. In all the EIS plots, a semicircle and a straight line were confirmed at high-frequency and low-frequency regions, respectively. These components relate to the charge transfer (semicircle) and Li + diffusion (straight line). The high-frequency intercepts on ZB-axis for the three samples were almost the same value, indicating that these electrodes have a comparable resistance relating the resistances of active material itself and contact between the electrode and current collector. 24, 25 The charge-transfer resistance, which is given by the diameter of semicircle on the ZB-axis, was in an order of A-MnO 2 < B-MnO 2¯C -MnO 2 for the asprepared electrodes but their difference was small. After the 1st discharge-charge cycle, the charge transfer resistance increased in each electrode. For the case of A-phase, the resistance increased from 250 to 500 ³. Similarly, the resistances of B-and C-MnO 2 increased from 300 and 310 ³ to 700 and 400 ³, respectively. As a result, the order of charge-transfer resistances became C-MnO 2 < A-MnO 2 < B-MnO 2 . After the subsequent Li + extraction (1st charge), the charge-transfer resistance decreased but not to the initial (as-prepared) value in all the samples. Figure 6 shows the XRD patterns during the discharge-charge cycles. After the 1st discharge, the broadening and low-angle shift of diffraction peaks were clearly seen in all the samples. In addition, a new diffraction peak was observed for B-MnO 2 at around 27°although A-and C-MnO 2 have no change in the diffraction pattern. This result suggests that an unidentified phase was formed in B-MnO 2 after the 1st Li + insertion. Therefore, it is expected that the charge transfer resistance during the 1st Li + insertion increased in parallel with the 
Conclusions
MnO 2 nanoparticles with three different crystallographic forms (A-, B-, and C-phases) were successfully prepared by hydrothermal method. The crystalline phase of MnO 2 depended mainly on the Mn concentration of precursor solution and reaction temperature whereas it was not influenced by the pH value of precursor solution. The MnO 2 obtained in this study were secondary particles composed of rod-shaped primary particles with an average size of ³100 nm regardless of the synthesis conditions. However, the degree of aggregation of primary particles differed by the crystallographic phase of MnO 2 . The initial discharge capacities of A-, B-, and Cphase samples were 150, 160, and 190 mA h g ¹1 , respectively. A significant decrease in the discharge capacity was observed in the 2nd cycle capacity for all the samples. This deterioration of capacity was elucidated by the lattice disorder of MnO 2 . After the 1st cycle, each sample worked relatively stable. As a result, C-MnO 2 exhibited better performance than A-and B-phased samples. It can be confirmed not only in the electrochemical measurements but also in XRD analysis. The tunnel structure for Li + diffusion is probably responsible for the different electrochemical performance among A-, B-, and C-phase samples. B-MnO 2 is composed of 1 © 1 tunnels with small voids, in which Li + diffusion is difficult. On the contrary, AMnO 2 is composed of 2 © 2 tunnels with relatively large voids for easy Li + diffusion. However, some parts of them are expected to be occupied with NH 4+ and H 3 O + in our preparation conditions. Such occupation in tunnels is one of reasons for impeding Li + diffusion. Consequently, a high discharge capacity was obtained for C-MnO 2 with a moderate size in both tunnel and particle compared with the others. Therefore, the electrochemical property of C-MnO 2 is expected to be further improved by optimizing the particle morphology as well as surface modification such as carbon-coatings. (a) Figure 6 . Ex-situ XRD patterns during discharge-charge cycle tests of the selected products in Table 1 : (a) A-MnO 2 (no. 12), (b) B-MnO 2 (no. 5), and (c) C-MnO 2 (no. 2).
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